Recent studies in patients with long-term heart failure have suggested that intrinsic abnormalities in skeletal muscle can contribute to the development of early lactic acidosis and fatigue during exercise. The present study provides an analysis of substrate and enzyme content, fiber typing, and capillarization in skeletal muscle biopsy samples obtained at rest from the vastus lateralis in 11 patients with long-term heart failure (left ventricular ejection fraction, 21±8%) and nine normal subjects. Patients demonstrated a reduced peak exercise oxygen consumption (13.0+±3.3 ml/kg/mmn) when compared with normals (30.2±8.6 ml/kg/min,p<0.001) and had an accelerated rise in blood lactate levels during exercise. In mixed fiber skeletal muscle, total phosphorylase and glycolytic enzyme activities were not different in the two groups, whereas mitochondrial enzymes involved in terminal oxidation were decreased in patients as compared with normal subjects as indicated by reductions in succinate dehydrogenase (51 + In patients, the number of capillaries per fiber was decreased for type I and type lla fibers (both, p<0.03), but the ratio of capillaries to cross-sectional fiber area was not different for the two groups. These data demonstrate major alterations in skeletal muscle histology and biochemistry in patients with long-term heart failure, including fiber atrophy, a decrease in percentage of composition of type I fibers, and an increase in type lIb fibers accompanied by a decrease in oxidative enzyme capacity. These skeletal muscle adaptations to the heart failure state represent a potentially important mechanism underlying the early onset of anaerobic metabolism and fatigue seen in this disorder and might play a role in determining both day-to-day exercise tolerance and the response to therapeutic interventions in patients with long-term heart failure. (Circulation 1990; 81:518-527) Several studies have demonstrated early anaer-IL obic metabolism in skeletal muscle during exercise in patients with long-term heart failure1-3 and have suggested that this is an important mechanism underlying exercise intolerance in ambulatory patients with this disorder.1,24,5 Studies by Weiner et a16 and Massie et a17 of skeletal muscle metabolism and limb blood flow during arm exercise in normal subjects and in patients with long-term heart failure using 31P-NMR spectroscopy have demonstrated an acceleration in the development of acidosis in relation to workload in patients that was not accompanied by a reduction in arm blood flow.
These studies suggest that skeletal muscle metabolic abnormalities in patients might account for early anaerobic metabolism during exercise in this disorder. A large number of studies in humans8-12 and animals8,13 indicate that the biochemical and histologic characteristics of skeletal muscle have important effects on patterns of substrate use and the development of fatigue during exercise. Previous studies in our laboratory14 have demonstrated a delay in muscle lactate production during submaximal exercise after 4-6 months of exercise training in patients with long-term heart failure, which was not accompanied by improved hemodynamics, suggesting that skeletal muscle biochemical adaptations were responsible for the improved metabolic response to exercise. Although decreased muscle blood flow2'3 and increased adrenergic activation15 might be important in determining the metabolic response to exercise in this disorder, recent studies suggest that intrinsic abnormalities in skeletal muscle can also contribute to early anaerobic metabolism.
The present study was designed to provide an analysis of skeletal muscle biochemistry and histology from biopsy specimens of the vastus lateralis in patients with long-term heart failure and to compare these results with data obtained from normal volunteers. The biochemical studies focused on analysis of enzymes involved in the major metabolic pathways including glycogenolysis, glycolysis, the citric acid cycle, and P-oxidation of fatty acids and, also, determination of phosphagen and substrate content. Histologic and histochemical studies examined factors that have important effects on the metabolic response to exercise8 including fiber typing, capillarization, and fiber size.
Methods

Patient Group
Eleven males with long-term heart failure because of left ventricular systolic dysfunction and nine normal males participated in the study. All patients had coronary artery disease. The New York Heart Association functional classification of the patients was as follows: one was functional class I, three were class II, six were class III, and one was class IV. All patients were taking digoxin (0.25 mg daily) and diuretics. Three patients were taking vasodilators; that is, patients 6 and 7 (see Table 1 
Skeletal Muscle Biopsy
Within 2 weeks of the exercise study, subjects underwent biopsy of the vastus lateralis muscle using the needle technique of Bergstrom.17 Two biopsy samples were obtained; one was immediately plunged into liquid nitrogen and was used for analysis of phosphagens and substrates. The second needle sample was divided into two pieces, placed in liquid nitrogen, and transferred to a freezer at -70°C. One piece was used for analysis of enzymes, and the second was mounted in embedding media for histologic analyses before storage in liquid nitrogen.
Biochemical Muscle Analysis
The first biopsy samples were weighed, freezedried, and extracted according to the methods of (Figure 1 ). Figures 2B and 2C ). 3-Hydroxyacyl-CoA dehydrogenase, an enzyme involved in /3-oxidation of fatty acids, was also decreased in patients ( Figure 2D ). Table 5 lists hexokinase and oxidative enzyme data in individual patients and normal subjects. Similar intergroup differences in enzyme activity were seen when the results were expressed in mM/min/kg of wet weight of muscle (Table 6 ). Histologic Analysis Biopsy samples for histology were not adequate for analysis in two normal subjects. The percentage of fibers that were classified as slow twitch type I was reduced in patients, whereas the percentage of fast twitch type lIb fibers was increased (Figure 3 ). There was no difference in the relative composition of fast twitch type lla or type lIc fibers in the two groups (Figure 3) 4B ). Because muscle fibers tended to be smaller in patients, however, there were no differences in the ratio of capillaries to muscle fiber area in the two groups ( Figures 4C and 4D) . Discussion The results of the present study demonstrate important alterations in skeletal muscle histology and biochemistry in patients with long-term heart failure. When compared with normal subjects, our patients demonstrated a decrease in slow twitch type I fibers, which have a high potential for aerobic oxidation, and an increase in fast twitch type lIb fibers, which was accompanied by reductions in aerobic oxidative enzyme activity. Previous studies8-12,26,27 have demonstrated that skeletal muscle enzymatic and histologic changes similar to those seen in our patients provide a potent stimulus for the early onset of anaerobic metabolism and, consequently, contribute to fatigue during exercise. The present study provides evidence that supports the concept that skeletal muscle biochemistry and histology can play a role in the pathophysiology of exertional fatigue in patients with long-term heart failure.
Previous studies demonstrated that exercise training in normal subjects delays lactate production during exercise and increases mitochondrial enzymes involved in aerobic oxidation in the citric acid cycle, cytochromes, and fatty acid pathways.8-'1 Exercise training also increases glycogen stores, hexokinase, triglyceride stores, capillary density, fiber size, and, possibly, the percentage of slow twitch fibers in normal subjects usually without altering enzymes involved in glycolysis or glycogenolysis.8'11 In contrast, exercise deconditioning has the opposite effects on skeletal muscle8,11,26,27 and is accompanied by an increase in lactate production during submaximal exercise. Many of the biochemical and histologic alterations seen in our patients are consistent with the effects of exercise deconditioning; that is, glycolytic enzymes were unchanged, aerobic oxidative enzymes and glycogen content were reduced, and fiber size was decreased. Some of the histologic changes seen in our patients, including alterations in fiber type composition and a decrease in the number of capillaries around each fiber, however, were not demonstrated in several studies in normal subjects8'26'28 after a period of reduced physical activity. Because both fiber type composition and aerobic enzyme levels were altered in patients, it is possible that reduced type I fiber composition can be largely responsible for the reduced aerobic enzyme activity seen in this group. Evidence from cross-sectional population studies suggests that alteration in fiber type composition might occur as the result of years of physical inactivity.8 Thus, the pattern of skeletal muscle changes seen in our patients is consistent with the effects of long-term exercise deconditioning, but the magnitude of these changes exceeds what has previously occurred after exercise deconditioning in normal subjects.8,26 '28 The finding that femoral venous oxygen saturation was decreased at rest and during submaximal exercise suggests that skeletal muscle hypoxia because of hypoperfusion was present in our patients.23 Longterm exposure to hypobaric hypoxia causes reductions in aerobic enzyme content22 and fiber size in skeletal muscle but does not seem to change the ratio of capillaries to fibers.8 Our patients demonstrated a decrease in the number of capillaries adjacent to individual fibers although the fiber area served by each capillary was not changed.
Some studies have shown that patients with longterm peripheral arterial insufficiency and claudication during exercise can develop a compensatory increase in skeletal muscle oxidative enzyme content.8 These changes serve to delay anaerobic metabolism during exercise in the setting of hypoperfusion.29'30 Previous studies by Walker et a129 indicate that during ischemic exercise, type I fibers, which are rich in oxidative enzymes, are more resistant to fatigue than type II fibers. In contrast to the adaptations seen in some patients with claudication, the skeletal muscle adaptations in patients with longterm heart failure would be expected to accelerate the onset of anaerobic metabolism in the setting of decreased skeletal muscle blood flow. Thus, despite the finding that skeletal muscle blood flow during exercise is reduced in both patients with claudication31 and long-term heart failure,2'3 it is possible that the stimuli inducing skeletal muscle adaptations might be different in these two disorders.
Dunnigan et a132 examined skeletal muscle histology in a group of young patients with idiopathic cardiomyopathy and in a group of young patients with ventricular tachyarrythmias. Both groups demonstrated increased lipid deposits and fibrosis in skeletal muscle, suggesting that a generalized myopathy might have been responsible for both the cardiac and skeletal muscle abnormalities. All of our patients had heart failure on the basis of left ventricular dysfunction because of coronary artery disease. Therefore, it is unlikely that the skeletal muscle changes demonstrated in the present study were caused by a generalized myopathic process affecting both skeletal and cardiac muscle. Lipkin et a133 have reported a variable decrease in type II fiber size and an increase in lipid content in skeletal muscle in patients with long-term heart failure. In preliminary reports, Mancini et a134 and Yancey et a135 have also reported decreased aerobic enzyme content in patients with long-term heart failure. Drexler et a136 have described alterations in mitochondrial morphology that suggest reduced oxidative enzyme capacity. Thus, it seems that a number of laboratories have also recently identified alterations in skeletal muscle in patients with long-term heart failure.
The aerobic enzyme levels and percentage of fibers classified as type I reported in our normal subjects were typical for sedentary males as reported in previous studies. 8, 22, 24 Elite athletes can demonstrate levels of citrate synthetase and succinate dehydrogenase that are 200% higher than the values seen in our normal subjects and can demonstrate more than 75% type I fibers.8 Thus, although our normal subjects were probably more physically active than our patients, their skeletal muscle biochemical and histologic characteristics are representative of untrained community-dwelling males of this age. Study Limitations We did not study large numbers of patients or normal subjects, and comparison of individual values for aerobic enzyme levels ( Figure 2 , Table 5 ) reveals an overlap between the two groups. Patient 7, who was involved in aerobic exercise training and had a peak Vo2 of 20.6 ml/kg/min, demonstrated oxidative enzyme levels that were consistently in the normal range, whereas normal subject 6, who was completely sedentary (did not climb stairs) and had a peak Vo2 of 18.7 ml/kg/min, demonstrated reduced aerobic enzyme levels. Our data suggest that reduced activity levels can play an important role in inducing skeletal muscle alterations in patients. Thus, the present study does not provide conclusive evidence that the heart failure state leads to abnormalities in skeletal muscle that are independent of deconditioning effects.
Summary
The present study has demonstrated that important alterations in skeletal muscle histology and biochemistry can be present in ambulatory patients with long-term heart failure, including a decrease in oxidative enzyme content, 3-hydroxyacyl-CoAdehydrogenase, glycogen, and hexokinase when compared with age-matched normal subjects. These changes were accompanied by a decrease in the relative composition of highly oxidative, fatigue resistant, type I fibers and an increase in fast twitch type lIb fibers, and a decrease in the number of capillaries surrounding each fiber when compared with normal subjects. Similar biochemical and histologic changes have been previously demonstrated after exposure to hypoxia or exercise deconditioning8,22 and are associated with the acceleration of lactate production during exercise. Thus, the results of the present study suggest that alterations in skeletal muscle might play a role in both the pathophysiology of exercise intolerance and, possibly, the response to therapy in this disorder.
